. View of differences in I-domain D-loop interactions during capsid maturation at an icosahedral two-fold symmetry axis from the outside of the particles. The I-domain makes close contacts through its D-loop with the adjacent subunit in the procapsid. During maturation to the phage, the subunits move apart and most of the intermolecular contacts between the D-loops of the symmetry related I-domains are lost. 1 H-15 N NOE values were measured from experiments in which the proton signals were saturated for 3 s, and control experiments in which the saturation period was replaced by an equivalent preacquisition delay. Relaxation parameters and their associated uncertainties were calculated as previously described (Alexandrescu et al., 1996; Farrow et al., 1994) . Model Free calculations (Lipari, 1982) using the program Tensor 2 (Dosset et al., 2000) were used to characterize the dynamics of the I-domain and to obtain values for S 2 order parameters that describe the amplitudes of backbone H-N bond motions on the ps-ns timescale. The I-domain has only three residues with enhanced R2 ex contributions typical of motions on µs-ms timescale. The three residues A240, D246, and L281 occur in the flexible loops, and the solution pH dependence of their amide proton NMR line widths suggests that R2 ex contributions are due to solvent exchange rather than intrinsic conformational dynamics. The global correlation time for isotropic rotational diffusion of the I-domain obtained from the Model Free analysis was 11 ns.
Phage

Procapsid
FPOP labeling and mass spectrometry. To prepare full-length monomeric coat protein, shells were unfolded at a concentration of 2 mg/ml in 9 M urea, which was subsequently diluted to 1 mg/ml with buffer, followed by extensive dialysis to remove the urea. Free coat protein monomers were isolated by sedimentation at 60,000 rpm for 20 min. Coat proteins were labeled at a concentration of 0.2 mg/ml. Glutamine (15 mM) was added to scavenge OH radicals, limiting their lifetime to ~ 1 µs (Hambly and Gross, 2005) . Immediately prior to labeling, 15 mM H 2 O 2 was added, and samples were infused into silica tubing with a 2.45 nm window at a rate of 14 µL/min, with an exclusion fraction of 20%. Photolysis of H 2 O 2 was performed by a pulsed KrF laser with a frequency of 5 Hz with power at 45 mJ at a wavelength of 248 nm. Samples were labeled and analyzed in triplicate.
Labeled samples were dried using a speed vac, and resuspended with 8 M urea in 10 mM Tris. The samples were digested with LysC (1:100 ratio), diluted with 10 mM Tris to a final urea concentration of 2 M, and digested with trypsin (1:20 ratio). Digested samples were desalted using Nu Tip C 18 zip tips (Glygen, Columbia, MD) and loaded on a silica capillary column, custom-packed with C 18 reversed phase (Magic, 0.075 mm x 150 mm, 5 µm, 120 Å, Michrom Bioresources, Inc., Auburn, CA). A 75 min gradient from 0-80% acetonitrile at a flow rate of 260 nL/min pumped by an Ultra 1D+ UPLC (Eksigent, Dublin, CA) was used to separate the proteolytic fragments. Product-ion mass spectra were collected on a LTQ-Orbitrap XL in datadependent mode controlled by Xcalibur 2.0.1 software (Thermo-Fisher, San Jose, CA) over m/z 350-2000 at resolving power of 60,000 for m/z 400. The six most abundant ions, with a charge of at least +2 (+1 ions were rejected), with a minimum intensity of 1000 were subjected to collision-induced dissociation (CID) in the linear ion trap.
FPOP data analysis.
Chromatographic alignment of the raw MS files was performed by using Progenesis LC-MS (Nonlinear Dynamics, Durham, NC). All known oxidative modifications (Gau et al., 2010; Chance, 2004, 2007) were added to the search. The extents of modification were calculated as described previously (Gau et al., 2013; Jones et al., 2011) . The extent of modification E mod (from 0 to 1) for each peptide was normalized to take into account amino acid reactivity differences for hydroxyl radicals, the result of this is referred to as the modifiable fraction F mod . This modifiable fraction was calculated by using a process that begins with equation 1.
The index i ranges over the amino acids in the peptide with the product giving the unmodified peptide fraction. The modifiable fraction is an aggregate value for all the amino acids in the peptide. The fraction of the modifiable fraction of the i-th amino acid that reacted is given as R i in equation 2.
The bimolecular reaction rate constant k i of each amino acid is taken from Table 1 of reference 3. The OH radical concentration-time integral A OH is given in equation 3.
The integral, A OH , was computed from a simulation of a reaction system starting with 0.42 mM
• and 20 mM glutamine. The value for F mod for each peptide was found as the numerical solution to equation 1. The standard deviation of F mod was obtained by multiplying the standard deviation of E mod by the evaluation of 1/ !"# / !"# . A single peptide, 312-325, was chosen as a standard and the modifiable fraction of all peptides was divided by this standard to provide a ratio of modifiable fraction for a given peptide. The uncertainties of the F mod were propagated through the calculation of the ratios. Because the true value of A OH is not known, it was assumed that it was somewhere between 1/8 th and 2 times the nominal value with uniform probability. The variance of ratio was augmented by the variance induced in the ratio by this uniform probability. These calculations were carried out by using Mathcad 14.0 M020 (Parametric Technology Corporation, Needham, MA).
NMR Model Refinement with Cryo-EM Density.
From the high-resolution NMR structure of the I-domain, a complete model for the entire capsid protein structure was constructed and refined using the 3.8Å resolution procapsid and 4.0Å resolution mature capsid cryo-EM density maps (EMDB ID:1824 and 1826; PDB ID: 2XYY and 2XYZ, respectively). An area slightly larger than a single subunit was first cut out of the procapsid map using UCSF Chimera (Goddard et al., 2007) . Both the previous cryo-EM based model (2XYY) and the I-domain NMR model were then fit to the density map using Foldhunter (Jiang et al., 2001 ) from EMAN 1.9 (Ludtke et al., 1999) . Residues corresponding to the I-domain were the removed from the procapsid model and replaced with the fitted I-domain model. Gorgon (Jiang et al., 2001) and Coot (Emsley and Cowtan, 2004) were used to adjust the positioning of the models at the concatenation, ensuring proper bond distances and geometry was maintained. In subsequent iterations, iterative manual refinement with Coot and computational refinement with Phenix using the procpasid density map was performed to improve model fit to density and geometry (Baker et al., 2013) . From a single subunit model, all subunits in the asymmetric unit were fit using Foldhunter and refined again using Phenix. Using the procapsid model as a template, a single refined capsid model from the procapsid map was fit in the asymmetric unit. Again iteratively refinement using Phenix and Coot was done to improve a single mature capsid protein model. This single refined subunit was then fit into all positions in the asymmetric unit with Foldhunter and refined with Phenix to remove all potential clashes.
